Salt sensitivity of blood pressure (BP) is influenced by genetic and environmental factors. A dietary feeding study was conducted from October 2003 to July 2005 that included a 7-day low-sodium intervention (51.3 mmol sodium/day) followed by a 7-day high-sodium intervention (307.8 mmol sodium/day) among 1,906 individuals who were 16 years of age or older and living in rural northern China. Salt sensitivity of BP was defined as mean BP change from the low-sodium intervention to the high-sodium intervention. Usual physical activity during the past 12 months was assessed at baseline using a standard questionnaire. The multivariable-adjusted means of systolic BP responses to high-sodium intervention were 5.21 mm Hg (95% confidence interval (CI): 4.55, 5.88), 4.97 mm Hg (95% CI: 4.35, 5.59), 5.02 mm Hg (95% CI: 4.38, 5.67), and 3.96 mm Hg (95% CI: 3.29, 4.63) among participants from the lowest to the highest quartiles of physical activity, respectively (P = 0.003 for linear trend). The multivariable-adjusted odds ratio of high salt sensitivity of systolic BP was 0.66 (95% CI: 0.49, 0.88) for persons in the highest quartile of physical activity compared with those in the lowest quartile. Physical activity is significantly, independently, and inversely related to salt sensitivity of BP and may be particularly effective in lowering BP among salt-sensitive individuals. blood pressure; dietary sodium; physical activity; salt sensitivity Abbreviations: BP, blood pressure; MET, metabolic equivalent.
sensitivity is influenced by age, race, sex, hypertension status, body weight, alcohol intake, and genetic factors (10) (11) (12) (13) . To our knowledge, the relation between physical activity level and salt sensitivity of BP has not been reported in the previous literature. Elucidating the interrelation between physical activity and BP responses to dietary sodium intervention could improve our knowledge of hypertension etiology and inform clinical guidelines and public health policy by identifying high-risk groups of people who will benefit most from intervention. We undertook a large dietary feeding study to examine the association of genetic and other risk factors with salt sensitivity of BP among a rural population residing in northern China. In the present article, we report the relation between physical activity and salt sensitivity of BP.
MATERIALS AND METHODS

Study participants
Details of the study population and methods for the Genetic Epidemiology Network of Salt Sensitivity (GenSalt) Study have been published elsewhere (14) . In brief, the study was conducted in rural areas of northern China from October 2003 to July 2005. A communitybased BP screening was conducted among people 18-60 years of age who resided in the study villages to identify potential probands and their families. Probands with a mean systolic BP of 130-160 mm Hg and/or a mean diastolic BP of 85-100 mm Hg and no use of antihypertensive medications were recruited for the dietary feeding study, along with their siblings, spouses, and offspring who were 16 years of age or older. Exclusion criteria included stage 2 hypertension (BP 160/100 mm Hg), secondary hypertension, clinical cardiovascular disease, diabetes mellitus (fasting plasma glucose 7.0 mmol/L), chronic kidney disease (positive urine albumin test by dipstick measurement), pregnancy, heavy alcohol consumption, a low-sodium diet, or use of antihypertensive or antidiabetic medications or insulin.
Institutional review boards or ethics committees at all participating institutions approved the study protocol. Written informed consent was obtained from each participant before baseline data collection and intervention.
Data collection
A standardized questionnaire was administered to participants by trained staff at the baseline examination to obtain information about demographic characteristics, personal and family medical history, and lifestyle risk factors (including cigarette smoking, alcohol consumption, and physical activity level). For the measurement of physical activity level, we adapted the Paffenbarger Physical Activity Questionnaire (15) . Data were collected on the number of hours spent in vigorous and moderate activity on a usual day during the previous 12 months for weekdays and weekends separately to account for anticipated daily variability in energy expenditure. Examples provided for vigorous activity included shoveling, digging, heavy farming, jogging, brisk walking, heavy carpentry, and bicycling on hills, and examples of moderate activity included housework, regular walking, yard work, light carpentry, and bicycling on level ground.
Three BP measurements were obtained every morning during the 3-day baseline observation period and on days 5, 6, and 7 of each intervention period by trained and certified individuals using a random-zero sphygmomanometer according to a standard protocol adapted from procedures recommended by the American Heart Association (16) . BP was measured with the participant in the sitting position after they had rested for 5 minutes. Participants were advised to avoid consumption of alcohol, coffee, or tea, cigarette smoking, and exercise for at least 30 minutes before their BP measurements. BP observers were blinded to the participants' dietary interventions. Body weight, height, and waist circumference were measured twice with the participants in light indoor clothing without shoes during their baseline examination. Waist circumference was measured 1 cm above the participants' navel during light breathing.
Intervention
Study participants received a low-sodium diet (3 g sodium chloride or 51.3 mmol sodium per day) for 7 days followed by a high-sodium diet (18 g sodium chloride or 307.8 mmol sodium per day) for an additional 7 days. In previous studies in which salt sensitivity was assessed, 10-70 mmol sodium/day was used for low-sodium interventions and 180-345 mmol sodium/day was used for high-sodium interventions (17) . Dietary total energy intake varied according to the baseline energy intake of each participant. All foods were cooked without salt, and prepackaged salt was added to the individual study participant's meal when it was served by the study staff. Study participants were not blinded to their dietary sodium intake because it was not possible to blind the taste. To ensure compliance with the intervention program, participants were required to eat breakfast, lunch, and dinner at the study kitchen under the supervision of study staff during the entire study. Study participants were instructed to avoid consumption of any foods or beverages that were not provided by the study. Three timed urinary specimens (one 24-hour specimen and two 8-hour overnight specimens) were obtained during the 3 days of baseline examination and the last 3 days of each intervention period to monitor compliance with the dietary sodium intervention. Overnight urinary sodium excretion was converted to 24-hour values based on formulas developed from data obtained in a subgroup of study participants. Three separate formulas were developed for baseline, low-sodium intervention, and high-sodium intervention using a simple linear regression of 24-hour values on 8-hour overnight values.
The results from the 24-hour urinary excretions of sodium and potassium showed excellent compliance with the study diet. The mean of 24-hour urinary excretions of sodium and potassium were 242.4 mmol and 36.9 mmol at baseline, 47.5 mmol and 31.4 mmol during the low-sodium intervention, and 244.3 mmol and 35.7 mmol during the high-sodium intervention, respectively.
Statistical analysis
BP levels at baseline and during the dietary sodium intervention were calculated as the mean of 9 measurements from 3 clinical visits during the 3-day baseline observation or on days 5, 6, and 7 of each intervention phase. Salt sensitivity of BP was defined as the mean BP during the high-sodium intervention minus the mean BP during the low-sodium intervention. High salt sensitivity was defined as an increase in BP of 5% or more during the highsodium intervention relative to the BP level during the low-sodium intervention ((BP on high-sodium diet − BP on low-sodium diet)/BP on low-sodium diet). In this study population, a 5% change corresponded to a mean absolute change of 5.57 mm Hg in systolic BP and 3.55 mm Hg in diastolic BP.
The physical activity information obtained from the questionnaire was converted to metabolic equivalent (MET) hours per day. The MET is a ratio of the metabolic rate while performing a given task to the metabolic rate while seated and resting. One MET represents an expenditure of 1 kilocalorie per kilogram of body weight per hour and is equivalent to sitting quietly. MET-hours per day were calculated by weighting the number of hours spent in each activity intensity category by a MET value that corresponded to the occupation group represented in that activity intensity category. The MET weight for vigorous activity was 3.67 for farming and the MET weight for moderate activity was 2.56 for working within the household (18) . The average MET-hours per day were calculated by weighting MET-hours for weekdays and weekends and were then divided into quartiles for analysis.
The associations between physical activity and salt sensitivity of BP were assessed using linear and logistic regression models. Generalized estimation equations were used to fit linear and logistic models with empirical estimates of standard errors. All analyses included a term for family cluster and accounted for nonindependence of family members with an exchangeable correlation structure. Age-and sex-adjusted mean BP responses to the highsodium intervention and percentages of high salt sensitivity of BP were calculated by quartiles of MET-hours per day, and the statistical significance of differences in these characteristics across quartiles was tested using linear or logistic regression analyses. In addition, age, sex, educational level, cigarette smoking, alcohol consumption, body mass index (weight (kg)/height (m) 2 ), baseline BP, and 24-hour urinary excretion of sodium and potassium were further adjusted in the multivariable linear and logistic regression analyses. The quartile with the lowest physical activity level was used as the reference group. To test for linear trend, the median MET-hours per day in each physical activity quartile were treated as a continuous variable in regression models. Unless otherwise stated, P < 0.05 was considered statistically significant and all tests were 2-sided. Statistical analyses were performed using SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
A total of 1,906 study participants met all eligibility criteria and took part in the dietary sodium intervention. Of these, 1,860 (97.6%) subjects completed the low-sodium and high-sodium interventions. Participants who did not complete the study did not differ in terms of baseline characteristics from those who did complete the study. The majority of subjects engaged in work activity of moderate Table 1 presents the age-and sex-adjusted baseline characteristics of study participants by physical activity quartile. Participants who were more physically active were older, were more likely to be male, attained a lower level of education, had lower baseline BP levels, and were less likely to have hypertension. There was not a statistically significant difference in sodium and potassium excretion by physical activity quartile. Table 2 shows an inverse association between the adjusted mean absolute and percent change in BP from the lowsodium intervention to the high-sodium intervention and quartile of physical activity. The multivariable-adjusted average increase in systolic BP was 5.26 mm Hg among persons in the lowest quartile of physical activity compared with 3.92 mm Hg in persons in the highest quartile of physical activity. There was an average increase of 2.20 mm Hg in diastolic BP among those in the lowest physical activity level quartile compared with a 1.19-mm Hg increase in the highly physically active group. This statistically significant linear trend was preserved after additional adjustment for baseline BP (all P values for trend ≤0.01). The same inverse association was observed for the mean percent change in BP from the low-sodium intervention to the high-sodium intervention and the level of physical activity (all P values for trend ≤0.03). Table 3 shows an inverse association between physical activity level as a continuous variable and the adjusted absolute and percentage changes in systolic and diastolic BP from the low-sodium intervention to the high-sodium intervention. For example, in the multivariable-adjusted model including baseline BP, a 1-standard deviation increase in physical activity level (11.5 MET-hours) was associated with a 0.46-mm Hg (95% confidence interval: −0.74, −0.19; P = 0.001) lower increase in systolic BP. The inverse relation was consistent for all models, systolic and diastolic BP, and absolute and percentage change in BP (all P values ≤0.006).
Age-and sex-adjusted proportions of high salt sensitivity of systolic and diastolic BP by physical activity quartile are presented in Figure 1 . The proportion of subjects with high salt sensitivity decreased with increasing physical activity levels. For systolic BP, 45.7% of the least physically active participants were highly salt sensitive, whereas 35.4% of the most active were highly salt sensitive (P value for trend = 0.003). For diastolic BP, 40.5% of the least active participants were highly salt sensitive compared with 36.8% of the most active (P value for trend = 0.15).
There was a statistically significant and independent dose-response association between physical activity and high salt sensitivity ( Table 4 ). The odds ratio of high salt sensitivity of systolic BP decreased significantly with higher physical activity levels as compared with the lowest physical activity level. The relation was consistent for all 3 models predicting high sensitivity of systolic BP (all P values for trend ≤0.005). For example, in the multivariable-adjusted model, the odds ratio for high salt sensitivity was 0.65 (95% confidence interval: 0.49, 0.86) for systolic BP when comparing subjects in the highest activity level with those in the lowest activity level. In contrast, the mean Physical Activity and Salt Sensitivity S109 percent change in diastolic BP across physical activity quartiles was only marginally statistically significant (P values for trend = 0.09) in the multivariable-adjusted models.
DISCUSSION
The present large population-based dietary feeding study identified a strong, consistent dose-response relation between level of physical activity and salt sensitivity of BP. Salt sensitivity of BP decreased progressively with higher levels of physical activity. This association was statistically significant and independent of important covariables.
These findings have important clinical and public health implications. Hypertension is a prevalent disorder and leading cause of premature deaths in the United States and worldwide (19, 20) . In addition, high salt sensitivity of BP has been shown to increase the risk of cardiovascular disease and premature mortality (21, 22 ). An increase in physical activity level and a reduction in dietary sodium have been identified as 2 major approaches for the prevention and treatment of hypertension (1, 2). Our findings suggest that high levels of physical activity protect against salt sensitivity of BP, as evidenced by participants in the highest quartile of physical activity having much lower BP responses than the participants in the lower 3 quartiles of physical activity. However, sodium consumption impacts BP across all levels of physical activity. Because of this, a low-dietary-sodium intervention could be beneficial to all people. Moreover, these findings also provide further support for the recommendations to increase physical activity for the prevention and treatment of hypertension, especially among those with a high dietary sodium intake. Because dietary sodium intake in the US population is well above recommended levels (23), increased physical activity should play an important role in programs aimed at BP reduction in the US general population.
The protective effect of increased levels of physical activity on BP responses to high sodium intake might occur through several potential mechanisms, such as reduction of insulin resistance, improvement of endothelial function, and inhibition of sympathetic nervous system activity. Physical activity has been shown to be associated with reduced insulin resistance (24) , and insulin resistance decreases renal sodium excretion, leading to extracellular fluid volume expansion and salt-sensitive hypertension (25, 26) . The shear stress associated with physical activity has been shown to improve vascular endothelial function through increased nitric oxide production, reduce pathologic constriction, and improve blood flow (27, 28) . The association between inhibition of nitric oxide synthesis and salt sensitivity of BP was shown in an animal study (29) . The physiologic response to exercise is a reduction of sympathetic nervous system activity potentially through altered gene expression in the brain (30) . Excessive salt consumption can lead to impaired central sympathetic system inhibition, followed by increased peripheral sympathetic activity, which affects renal hemodynamics and ultimately results in the observed salt sensitivity of BP (31) . Studies have suggested the role of the sympathetic nervous system in salt sensitivity of BP as indicated by increased response to the cold pressor test (32), higher plasma norepinephrine levels (33), higher dopamine levels (34) , and decreased number of β 2 -adrenergic receptors (35) . The present study has several strengths. To our knowledge, this investigation is the largest population-based feeding study in which salt sensitivity was examined. The compliance of subjects to the dietary intervention was excellent, as evidenced by multiple 24-hour urinary excretion assessments. Strict data quality control was enforced to ensure the validity of the results. Careful measurement of study variables, and the outcome variable in particular, allowed for precise and accurate estimation of the association. To minimize measurement bias during the assessment of BP, a minimum of 9 readings were obtained from multiple clinical visits by the same trained observers using the same random-zero sphygmomanometer during each phase of the study. This study not only assessed leisure-time activity but also incorporated work-related activity.
One potential limitation of our study is the short duration of the intervention period. Exposure to a 1-week lowsodium intervention and 1-week high-sodium intervention is the standard procedure for studying salt sensitivity. The relation of such a relatively short intervention to future health effects is not known definitively. However, in the Olivetti Heart Study, BP response to a short-term (3-day) dietary sodium intervention was associated with incidence of hypertension in long-term follow-up (36). Furthermore, previous clinical studies have shown that the methodology used to estimate salt sensitivity in this study is reproducible (37, 38) . Another potential limitation is the generalizability of study findings. This study was conducted in a farming population in China who had a relatively high overall level of physical activity. Whereas the majority of this study population engaged in work-related activity of moderate (50.3%) or vigorous intensity (37.9%), the prevalence of moderate-intensity work in the United States is estimated to be 20% (39) . On average, Genetic Epidemiology Network of Salt Sensitivity Study participants spent 3.3 hours in vigorous activity and 4.6 hours in moderate activity per day, and US adults spent less than 2 hours in vigorous activity and 1.5-2.2 hours in moderate activity per week (40) . Because of this, we might not be able to see the extent of the protective effect of physical activity on sodium sensitivity. However, we should expect an even larger effect of dietary sodium intake on BP in a much less physically active population. Lastly, we were unable to assess potential confounding of the relation between physical activity and salt sensitivity of BP by diet characteristics because of a lack of detailed information collected on usual diet from standard measurement tools, such as food frequency questionnaires or 24-hour dietary recalls.
In summary, our study indicates that physical activity is significantly, independently, and inversely related to salt sensitivity of BP, with a graded dose-response association between lower level of physical activity and higher salt sensitivity. Among the study participants who were physically inactive, BP response to high salt consumption was greater Physical Activity and Salt Sensitivity S111
than that among persons who were physically active. However, BP response to salt consumption was observed at every level of physical activity. Our findings suggest that physical activity may be particularly effective in lowering BP among salt-sensitive individuals.
